The pathogenic spirochete Borrelia burgdorferi senses and responds to diverse environmental 35 challenges, including changes in nutrient availability, throughout its enzootic cycle in Ixodes 36 spp. ticks and vertebrate hosts. This study examined the role of DnaK suppressor protein (DksA) 37 in the transcriptional response of B. burgdorferi to starvation. Wild-type and dksA mutant B. 38 burgdorferi strains were subjected to starvation by shifting mid-logarithmic phase cultures 39 grown in BSK II medium to serum-free RPMI medium for 6 h under microaerobic conditions (5% 40 CO2, 3% O2). Microarray analyses of wild-type B. burgdorferi revealed that genes encoding 41 flagellar components, ribosomal proteins, and DNA replication machinery were downregulated 42 in response to starvation. DksA mediated transcriptomic responses to starvation in B. 43 burgdorferi as the dksA-deficient strain differentially expressed only 47 genes in response to 44 starvation compared to the 500 genes differentially expressed in wild-type strains. Consistent 45 with a role for DksA in the starvation response of B. burgdorferi, fewer CFUs were observed for 46 dksA mutant after prolonged starvation in RPMI medium compared to wild-type B. burgdorferi. 47 60 regulatory activity impacts B. burgdorferi metabolism, virulence gene expression, and the ability 61
Transcriptomic analyses revealed a partial overlap between the DksA regulon and the regulon 48 of RelBbu, the guanosine tetraphosphate and guanosine pentaphosphate [(p)ppGpp] synthetase 49 that controls the stringent response; the DksA regulon also included many plasmid-borne 50 genes. Additionally, the dksA mutant strain exhibited constitutively elevated (p)ppGpp levels 51 compared to the wild-type strain, implying a regulatory relationship between DksA and 52 (p)ppGpp. Together, these data indicate that DksA along with (p)ppGpp direct the stringent 53 response to effect B. burgdorferi adaptation to its environment. 54 IMPORTANCE 55 The Lyme disease bacterium Borrelia burgdorferi must sense and respond to diverse 56 environments as it cycles between its tick vectors and various vertebrate hosts. B. burgdorferi 57 must withstand prolonged periods of starvation while it resides in unfed Ixodes ticks. In this 58 study, the regulatory protein DksA is shown to play a pivotal role controlling the transcriptional 59 responses of B. burgdorferi to starvation. The results of this study suggest that DksA gene INTRODUCTION 63 The pathogenic spirochete Borrelia burgdorferi must sense and respond to its environment to 64 complete its enzootic cycle (Samuels, 2011; Radolf et al., 2012; Caimano et al., 2016) . Ixodes 65 ticks acquire B. burgdorferi during a blood meal taken from an infected mammalian host. 66 Thereafter, B. burgdorferi persist in the tick midgut through the molt. A subset of midgut-67 localized B. burgdorferi are transmitted when the next bloodmeal is acquired by the tick, which investigated. DksA has emerged as an important accessory regulator of stringent responses in 115 other bacteria (Dalebroux et al., 2010a) . In Escherichia coli, DksA is specifically required for 116 upregulation of amino acid biosynthesis, tRNA synthesis, and cellular utilization of alternative 117 sigma factors (such as RpoS) that integrate the stringent response (Kvint et Holley et al., 2015) . In enterohemorrhagic E. coli, DksA-dependent regulation is 122 required for the enterocyte effacement response during intestinal colonization (Nakanishi et al., 123 2006; Sharma and Payne, 2006) . In Pseudomonas aeruginosa, stringent response activation 124 mediates colonization of surfaces by biofilm formation (Branny et al., 2001) . Finally, Salmonella 125 enterica requires the stringent response to respond to acidic, oxidative, and nutrient-limited 126 environments within macrophages (Webb et al., 1999; Henard and Vazquez-Torres, 2012) . In 127 these cases, DksA works synergistically with the stringent response and is indispensable for 128 adaptation. As seen in other bacteria, B. burgdorferi responds to starvation by production of 129 (p)ppGpp, but the contribution of DksA to the regulation of the stringent response is unknown. 130 In this study, we expand the understanding of the B. burgdorferi stringent response by 131 characterizing the role of a the DksA ortholog during adaptation to nutrient limitation. We 132 generated a dksA mutant strain of B. burgdorferi and starved the spirochetes in RPMI medium 133 to evaluate the role of DksA during the stringent response. Compared to BSK II, RPMI medium Figure S2 ). 186 To determine if DksA affects survival during nutrient stress, wild-type, ΔdksA, ΔrelBbu, and ΔdksA 187 pDksA spirochetes were cultured to 5 x 10 7 spirochete ml -1 and then starved in RPMI medium 188 for 0 or 48 h and the number of colony forming units (CFUs) were assayed by plating cells in 189 semi-solid BSK II medium. A recent study demonstrated that a relBbu mutant B. burgdorferi 190 (ΔrelBbu) exhibited defect in adapting to starvation in serum-free RPMI medium (Drecktrah et 191 al., 2015) . We generated a ΔrelBbu strain in the B31-A3 background as described ( Figure 3A and 3B). The differential regulation analysis revealed that 268 genes were highly 216 expressed in the ΔdksA mutant compared to the wild-type-strain (Table S1 ), while 186 217 transcripts were expressed at lower levels by the ΔdksA mutant (Table S2) ΔrelBbu mutants compared to the wild-type. The expression of genes encoding tick-associated 225 outer membrane proteins ospA and lp6.6, and the antioxidant defense gene napA were also 226 similarly regulated in the ΔrelBbu strain. The ΔdksA mutant additionally expressed genes 227 associated with stress responses at higher levels than the wild-type strain (Table S1) was harvested from cultures grown to mid-logarithmic growth phase and then following 6 h of 255 incubation in serum-free RPMI. In wild-type spirochetes undergoing starvation, there was a 256 dramatic reduction in the number of genes exhibiting above background microarray 257 hybridization signals. While 1,145 genes were expressed in wild-type spirochetes during 258 logarithmic growth in BSK II, only 587 genes were detected in wild-type spirochetes following 259 starvation in RPMI, revealing a global reduction in transcription ( Figure 4A) . A total of 274 260 genes were upregulated and 226 genes were downregulated in response to starvation, 261 indicating a restructuring of the wild-type transcriptome (Table S3 ), consistent with previous 262 results obtained using differential RNA sequencing analysis (Drecktrah et al., 2015) . In contrast, 263 the ΔdksA mutant undergoing starvation retained the expression of the majority of genes 264 expressed during logarithmic growth in BSK II (Figure 4B ). Within this sizable subset of genes 265 expressed in the ΔdksA mutant, only 47 genes were differentially regulated (Table S4) burgdorferi do not increase in CFU during starvation conditions. Additionally, we identified 39 282 downregulated genes encoding translation machinery including 19 genes encoding ribosomal 283 proteins, suggesting a reduction in ribosome synthesis. A total of 17 genes in the transcription 284 functional category were also differentially regulated during starvation. Genes encoding core 285 transcriptional machinery were among the 11 downregulated genes, including rpoA and rpoZ 286 (6.2-fold and 3.5-fold, respectively) encoding RNA polymerase subunits, rpoD (3.7-fold) 287 encoding the housekeeping sigma factor, and nusB (7.6-fold) encoding the transcription anti-288 termination factor. Conversely, csrA (6.8-fold) encoding the the carbon storage regulator, dksA 289 (4.4-fold), and rpoS (3.8-fold) encoding the alternative sigma factor were among the 290 upregulated transcriptional regulator genes. In summary, levels of a large portion of RNA 291 transcripts encoding crucial components of replication, transcription, and translation were 292 decreased in wild-type spirochetes undergoing starvation. Given the functions encoded by 293 these downregulated genes, our observations are consistent with stringent responses among 294 bacteria. None of the genes in these four functional categories listed above were differentially 295 regulated in the ΔdksA mutant, therefore the down regulation of these genes during starvation 296 appears DksA-dependent ( Figure 4D) . 297 Typically, the stringent response activates the expression of genes encoding enzymes for amino 298 acid synthesis, glycolysis, and persistence mechanisms. Consistent with the stringent response, 299 B. burgdorferi undergoing starvation also upregulate genes in the functional categories of 300 translation, metabolism, and transcription. Expression of genes that potentially increase 301 translational efficiency were upregulated (Table S3) (Table S3 ). In addition, revA (6.4-fold) and bbk32 (2.6-fold), Compared to the wild-type strain, the ΔdksA mutant upregulated the expression of revA, dbpA, 340 and ospC genes in response to starvation (Table S4 ). The ΔdksA mutant did not share the 341 increased expression of erp or mlp genes with the wild-type strain during starvation. We 342 investigated the possibility that these genes were constitutively upregulated in the ΔdksA 343 mutant because the expression of many plasmid genes was higher compared to the wild-type 344 strains during logarithmic growth (Figure 3B) . A total of 41 plasmid-borne lipoproteins encoding 345 genes were differentially expressed by the ΔdksA mutant during logarithmic growth (Figure S1 To confirm that the disparate expression of bba66, dbpA, and ospC was DksA-dependent, the 355 expression of these genes was compared by RT-qPCR using RNA isolated from the wild-type, 356 ΔdksA, and ΔdksA pDksA strains during logarithmic growth and under starvation conditions 357 (Figure 5) . In our complemented strain, ΔdksA pDksA, dksA was over expressed, which 358 coincided with higher levels of expression of the bba66, dbpA, and ospC. This observation 359 supports the hypothesis that the expression of a subset of plasmid-encoded lipoproteins is 360 either directly or indirectly dependent on DksA. Higher levels of dksA expression from the 361 pDksA vector is consistent with a previous report that this plasmid vector is multi-copy (5 -10 362 copies) within the cell (Tilly et al., 2006) . Additionally, RT-qPCR was performed for rpoD, fliZ, 363 and ptsP to evaluate the effects of trans-complementation in the ΔdksA pDksA strain. In the 364 wild-type and in the ΔdksA pDksA strain, rpoD, fliZ, and ptsP are down regulated in response to 365 starvation, while the ΔdksA mutant failed to similarly regulate these genes ( Figure S4A ). RT-366 qPCR indicated that starvation driven transcriptional regulation of these chromosomally 367 encoded genes was restored in the ΔdksA pDksA strain. We also assayed for the restoration of 368 glycerol-utilization gene expression ( Figure S4B ). While the ΔdksA mutant showed reduced 369 levels of expression of glpF and glpK compared to the wild-type strain, the ΔdksA pDksA strain 370 did not exhibit restored expression of these genes, suggesting potential intricacies in their 371 regulation not captured by this study. These results suggest that the cellular levels of DksA have 372 the potential to play a key regulatory role in controlling plasmid-borne gene expression in B. we measured the production of (p)ppGpp by thin-layer chromatography (TLC) in B. burgdorferi 380 297 wild-type, and the isogenic ΔdksA strain, along with the complemented ΔdksA pDksA strain. 381 These 297 strains exhibit morphology, growth rate, and survival phenotypes similar to those of 382 the respective B. burgdorferi B31 A3 strains (Figure 2 and 6) . Strains were cultured to late-log (1 383 x 10 8 spirochetes ml -1 ) in BSK II containing 32 P-orthophosphate and nucleotides were isolated 384 before (0 hours) or after incubation in starvation conditions (6 h) and separated by thin layer 385 chromatography. The amount of (p)ppGpp in each strain was quantified by scanning 386 densitometry from three independent experiments, as previously described (Figure 7A) 387 (Drecktrah et al., 2015) . We found the ΔdksA strain had significantly elevated levels of (p)ppGpp 388 compared to the wild-type and complemented strains not only during starvation (6 Hours 389 RPMI), but also during growth in BSK II media (0 h) (Figure 7B) . Overproduction of (p)ppGpp in 390 the ΔdksA strain may represent a compensatory mechanism to overcome the loss of DksA. 391 Given the 500 genes differentially regulated by wild-type spirochetes in response to starvation 392 (Table S3) , 186 of these genes were already similarly differentially expressed by the ΔdksA 393 strain relative to the wild-type strain during logarithmic growth. The microarray data suggest 394 that while the ΔdksA strain acts like a (p)ppGpp-deficient strain in transcription of genes 395 encoding glycerol utilization genes, oligopeptide transporters, and ribosomal proteins, and 396 others, the elevated levels of (p)ppGpp may play a role in the overall phenotype of the 397 transcriptome in the ΔdksA strain. 398 399 DISCUSSION 400 We report that the B. burgdorferi genome encodes a 14.5 kDa DksA protein that is involved in 401 the transcriptional response to nutrient limitation and likely plays an additional role in 402 controlling expression of plasmid-encoded genes. The stringent response, mediated through 403 (p)ppGpp, is required for B. burgdorferi to adapt to the changes between the host and vector 404 environments marking a shift in nutrient sources (Drecktrah et al., 2015) . Therefore, we set out 405 to characterize the role of DksA as a transcriptional regulator of the B. burgdorferi stringent 406 response by simulating transition from a nutrient rich to a nutrient limited environment. Our 407 microarray results determined that transcript levels of 500 genes changed in response to 408 nutrient limitation (Table S3 ). The majority of transcriptional changes were DksA-dependent, 409 with the expression of only 47 genes being DksA-independent under the nutrient limiting 410 condition (Table S4 ). During mid-logarithmic growth, we found transcript levels of genes 411 encoding ribosomal proteins (rpmA, rplB, rplV, rpsS, and rpsC) and stress response genes (dnaK, 412 dnaJ, and uvrB) to be elevated in the ΔdksA strain, and the regulation of 41 plasmid-borne 413 lipoprotein genes to be DksA-dependent (Table S1 and S1). The transcript levels of lipoprotein 414 genes bba66, dbpA, and ospC were independently confirmed to be DksA-dependent in 415 expression in 297 and A3 background strains (Figure 5 and 6 DksA affects (p)ppGpp levels in this organism (Figure 7) . Levels of (p)ppGpp produced in the 450 absence of DksA were higher than levels reached by wild-type cells in vitro by simulating a 451 nutrient limited condition. Moreover, ∆dksA spirochetes produced these levels of (p)ppGpp 452 prior to incubation in RPMI medium, suggesting alteration of RelBbu activity in the absence of 453 DksA. We propose the stringent response in B. burgdorferi likely requires both DksA and 454 (p)ppGpp (Figure 8) . 455 The DksA-dependent stringent response regulon potentially intersects with other regulatory 456 mechanisms. Since (p)ppGpp is over-produced in the ∆dksA mutant, we cannot differentiate 457 between the effects of (p)ppGpp from DksA-dependent regulation. (p)ppGpp is known to act 458 independent of transcription by interacting with GTPases and riboswitches (Steinchen and 459 Bange, 2016; Sherlock et al., 2018) . Additionally, ATP and GTP homeostasis is likely altered by 460 consumption of these nucleotide triphosphates when (p)ppGpp is produced to high levels in the 461 ∆dksA mutant. All of the genes encoding xanthine/guanine permease, ribose/galactose ABC 462 transporter, and adenine deaminases were also up regulated in the ∆dksA mutant (Table S1) (Table S5 ). States) using oligonucleotide primers specific to the gene of interest (Table S5) Genomics Suite software v6.6 6.13.213 (Partek, Inc. St. Louis, Mo., United States) verifying that 545 variability among biological replicates remained small compared to variability between strains 546 and conditions. An ANOVA was performed within Partek Genomic Suite to obtain multiple test 547 corrected p-values using the false discovery rate method (Benjamini et al., 2001) . Fold change 548 values and signal confidence were calculated in custom Excel templates. Importantly, our ΔdksA 549 strain lacked lp-5, 21, 25, and 28-4 plasmids and the chip hybridization locations for these 550 plasmids were excluded from the analysis. 551 The number of genes regulated in genomic locations or in functional categories was quantified 552 using filters coded in RStudio (Boston, MA, United States). Affymetrix probe sets representing 553 the gene comparisons with above background signal, ANOVA value (p < 0.05), and relative 554 expression difference of two-fold or more were selected for representation. The number of 555 genes that passed the criteria were totaled for each genomic segment, or alternatively, each 556 higher or lower expressed gene was categorized by gene ontology as previously described Measurement of (p)ppGpp 579 Relative quantities of (p)ppGpp were measured by TLC of radiolabeled nucleotides as previously 580 described (Drecktrah et al., 2015) . B. burgdorferi 297 wild-type, the isogenic ΔdksA, and ΔdksA 581 pDksA strains were cultured to late-logarithmic growth density (1 x 10 8 spirochetes ml -1 ) in BSK 582 II containing 20 μCi/ml 32 P-orthophosphate (PerkinElmer, Waltham, MA, United States) in 500 583 µl volume, pelleted by centrifugation at 9,000 x g for 7 min, and resuspended in RPMI. Both 584 late-logarithmic growth density cultures (0 h) and cultures incubated in RPMI for 6 h were 585 collected by centrifugation at 20,800 x g for 5 min at 4°C, cells washed once with dPBS, and cell 586 pellet lysed with 6.5 M formic acid (Thermo Fisher Scientific, Grand Island, NY, United States). 587 Cell debris were removed by centrifugation at 20,800 × g for 5 min at 4°C. The nucleotides were 588 separated by TLC on polyethylenimine cellulose plates (EMD Millipore, Burlington, MA, United 
